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Abstract
The aim of this study was to investigate the characteristics of a mutant strain of Drosophila termed In(1)BM2(reinverted). This strain is an isolate of the strain In(1)BM2(reinverted), which was initially recovered in 1978 as a spontaneous reinversion in In(1)BM2 (Mazumdar et al., 1978; Mukherjee and Ghosh, 1986). Adult flies of both sexes of In(1)BM2(reinverted) are normal and do not show any atypical morphological features. The development and viability of the strain is also identical to that of the wild type. However, upon rearing the strain at 18?1oC, about 25% of polytene chromosome spreads show a sex and chromosome specific alteration in the structure of the X chromosome. The significant feature of this morphological alteration is that it is seen exclusively in males, where the mutated X chromosome appears condensed with significant length reduction, and increase in width. This phenotype has been termed as "puffy" X chromosome due to an enhancement of the puffy and diffuse cytology, that is normally seen for the male X chromosome of wild type strain of D.melanogaster. The second notable characteristic of this phenotype is that unlike polytene chromosome puffs which represent sites of increased transcription, the transcription of the puffy X chromosomes of In(1)BM2(reinverted) remain at the wild type level (Kar and Pal, 1995). The expression of the puffy X chromosomes is localized to the reinverted breakpoint at segment 15F/16A of the X chromosome (Kar and Pal, 1995). Bose and Duttaroy (1986) demonstrated that the puffy X phenotype arises due to position effect variegation (PEV), the phenomenon of heterochromatinization of euchromatin that has been juxtaposed to heterochromatin (Spofford, 1976).The sex and chromosome specificity of this alteration in the X chromosome morphology is important since the phenomenon of dosage compensation in Drosophila operates through enhanced transcription of the male X chromosome (Mukherjee and Beermann, 1965). Dosage compensation is the phenomenon of equalization of the difference in the X-linked gene doses between males and females of any species. Drosophila females have two X chromosomes, whilst males have an X chromosome and a Y chromosome. In Drosophila, at least five regulators of dosage compensation are known (reviewed in Lucchesi, 1998). These dosage compensation genes are male specific lethals 1, 2 and 3 (msl-1, msl-2, msl-3), maleless (mle) and male absent on first (mof). The products of these genes form a complex on the male X chromosome. The RNA transcripts of rox1 and rox 2 (RNA on X chromosome) are essential for recruitment of the MSL complex on the male X chromosome (Meller et al., 1997; Kageyama et al., 2001). The MSL complex associates with the male X chromosome, resulting in the acetylation of lysine 16 residues of histone H4 (Turner et al., 1992), brought about by the function of the mof gene, which encodes a histone acetyltransferase (Hilfiker et al., 1997; Gu et al 1998, 2000). The association of this complex leads to upregulation of transcription of the male X chromosome (Smith et al., 2001).The enhanced transcription of the male X chromosome is reflected in the cytology of the polytene chromosome. As early as 1954, Aronson et al. noted a sex-specific difference in the cytology of the polytene chromosomes. Polytene chromosome spreads from male and female larvae show that the single male X chromosome appears as wide as the paired female X chromosomes. The diffuse morphology of the male X chromosome is used as an acceptable cytological marker of dosage compensation. This has been validated through observations that an invariable correlation is observed between the structure of the male X chromosome and the function of the dosage compensation genes (Lucchesi and Skripsky, 1981; reviewed in Lucchesi and Manning, 1987). The characteristic caveat between the structure-transcription of the puffy X chromosomes of In(1)BM2(reinverted) provides an important caveat to this established relationship between the structure and function of the male X chromosome of Drosophila. This phenotype suggests that the chromosomal rearrangement in the strain perturbs a pathway that controls the structure but not the transcription of the male X chromosome. Since the transcription remains unaffected, it is possible that the function of a novel regulator that lies downstream to the dosage compensation pathway is perturbed in this strain.The primary objective of this work was to determine the characteristics of this strain, including partial purification of the factor inducing structural alteration of the X chromosome. The second part of the study explored the effect of butyrate, on certain specific parameters of the mutant strain and compared these results with the responses of the wild type. This work was undertaken due to two reasons: firstly, butyrate is an inhibitor of histone deacetylase (Riggs et al., 1977; Candido et al., 1978), and secondly, butyrate is a known suppressor of PEV (Mottus et al., 1980). The significant results of the study are as follows. Temperature downshifting of male third instar larvae of In(1)BM2(reinverted) from 24?1oC to 12?1oC for 4 hours, followed by recovery at room temperature for at least 2 hours resulted in the induction of puffy X chromosomes. Under the light microscope, squash preparations of salivary glands of such temperature shifted larvae show that the 'puffy' regions of the X chromosome manifest areas of spiralization, adjacent to the areas of width increase. This suggests that temperature-shift results in "coiling" of the X chromosome. This leads to condensation of the chromosome, resulting in width increase. Since structural alteration of the male X chromosome could be induced through temperature shifts, protein extracts were made from In(1)BM2(reinverted) larvae that had been cold-shocked and allowed to recover as described above. These extracts (as well as protein extracts from temperature shifted In(1)BM2(reinverted) females and Oregon R males and females) were tested in an in vitro assay, in order to determine whether the extracts could induce puffy X chromosomes, when salivary glands of third instar male Oregon R larvae were incubated in it. The results showed that structural alteration of the male X chromosome of Oregon R larvae could be induced, only when the salivary glands were incubated in the temperature-shifted extract of In(1)BM2(reinverted) males. Soluble protein extracts from male pupae and adults that had been temperature shifted as described above, also induced structural alterations of chromosomes. However, unlike larval extracts, pupal and adult extracts induced both specific alteration of the male X chromosome, as well as a non-specific condensation of all polytene chromosomes of both sexes. This indicated that temperature downshifting of In(1)BM2(reinverted) induced an activity that could be recovered in the total soluble extract. A developmental stage specific difference in the inducing activity was evident, since larval extracts induced only X-specific alterations, while pupal and adult extracts induced both X-specific as well as non-specific chromosome condensation, in vitro. The activity was not evident in total extracts from of In(1)BM2(reinverted) females, temperature manipulated Oregon R of both sexes, and males of In(1)BM2(reinverted) reared at 24?1oC.Some select parameters affecting the in vitro assay were determined by incubating salivary glands of Oregon R in larval extracts. The results revealed that incubation of salivary glands for different time periods in the extract resulted in a progressive increase in the number of puffy X chromosomes. The maximum number of puffy X chromosomes induced in vitro was observed upto 16 hours, although by this time there was loss of chromosome morphology and consequent reduction in the number of nuclei that could be scored. Puffy X chromosomes were induced at a minimum total protein concentration of 0.22mg. The product inducing structural alteration of chromosomes was resistant to RNase treatment and thermo-labile. The induction of structural alteration was not specific to Oregon R, since structural alteration of chromosomes could be induced after incubation of salivary glands in vitro from different mutant strains of Drosophila (yellow, FM7 [In(1)FM7, y31d sc8 wa B]), different species of Drosophila (D. ananassae, D. simulans, D. pseudoobscura, D. virilis, D. hydei, and D. nasuta) as well as salivary glands of Chironomus tenetans. In contrast to Oregon R, a drastic condensation of all chromosomes was observed in polytene nuclei of all the species of Drosophila as well as in Chironomus. These results showed that the induction of structural alteration of chromosomes was not restricted to D. melanogaster alone but could also act in vitro on chromosomes of other species. The process of induction was temperature dependant, since very few chromosomes were induced when the incubation was carried out at 12?1oC. The mechanism by which structural alterations of chromosomes were induced in vitro has not been investigated in this study.The X-specific and non-specific structural alteration of chromosomes was due to quantitative variations of the same activity, as demonstrated by the next series of experiments. Dilution of the adult protein extract resulted in a progressive decrease in the number of nuclei showing non-specific chromosome condensation, and a progressive increase in the number of X-specific structural alterations. Increase in the concentration of larval protein resulted in the induction of non-specific chromosome condensation in polytene nuclei. These observations were further supported from the observations on chromatographic separation of proteins, discussed below. In order to determine whether the chromosome coiling activity arises due to de novo synthesis, the following experiment was carried out. Salivary gland proteins were labeled in vitro at 24?1oC (where coiling activity is not observed) and after cold shock at 12?1oC (where the coiling activity is observed). The profile of labeled cold shocked males of In(1)BM2(reinverted) were compared with those of cold shocked females of In(1)BM2(reinverted) and Oregon R, and the labeled protein profile of Oregon R and In(1)BM2(reinverted) reared at 24?1oC. There was a qualitative and quantitative difference in the profile of the labeled proteins at 24?1oC and at 12?1oC, since fewer protein bands were observed on cold shocking the larvae. Although these changes in the protein profiles were observed, the labeling experiments could not identify any specific protein band that was induced in In(1)BM2(reinverted) males after coldshock and recovery. Purification of the chromosome coiling activity was attempted using two approaches. The total soluble protein from temperature downshifted larvae and adult males of In(1)BM2(reinverted) was subjected to 40% ammonium sulphate precipitation, and concentrated using Centricon P-30. This concentrated protein sample was dialyzed against buffered Ringer and fractionated on a Sephacryl S-300 HR column or on a DE-52 anion exchange column. The fractions were tested for induction of chromosome coiling in vitro. Adult proteins yielded fractions that could induce structural alteration of chromosomes in vitro after chromatographic separation of the proteins. The fraction showing activity was analyzed on a 6% native-PAGE. The native-PAGE showed two distinct bands. Each of the two bands of the native gel was excised and tested for coiling activity. A band of about 38.5kDa molecular weight showed X-specific activity. The fractions were separated on a 10% SDS-PAGE. The gel showed a total of six bands. The band showing activity on the native PAGE was excised and sent for sequencing. From a partial amino acid sequence analysis, the protein showed a very weak sequence homology to male lethal (mle). However, it could not be concluded whether this data was coincidental or not. In summary, the results of the experiments suggest that the chromosomal rearrangement in In(1)BM2(reinverted) affects a pathway controlling chromosome structure. It has been established earlier that the puffy X phenotype arises due to PEV. It is well documented that PEV is enhanced by cold shock (Spofford, 1976). In In(1)BM2(reinverted), temperature downshifts yielded induction of puffy X chromosomes, indicating that gene silencing was in effect responsible for the coiling activity. The most notable feature of this phenomenon was that coiling activity was induced exclusively in males, indicating that either the silenced regulator or its target affects the function of a gene involved in dosage compensation. Purification of the activity inducing structural alteration of chromosomes showed that although the phenotype was observed exclusively in third instar larvae, proteins from adult and pupal developmental stages could also induce structural alteration of chromosomes. This data suggested that the activity was not exclusively associated with the organization of the polytene chromosomes. This observation was further supported by the recovery of activity from non-polytene tissues. One of the significant observations from the in vitro assay was that quantitative variation in levels of the coiling activity could induce either puffy X chromosomes, or generalized chromosome condensation of all chromosomes. These results suggested that the presence of a soluble factor in In(1)BM2(reinverted) was responsible for the manifestation of the puffy X chromosomes. When the quantitative level of this factor was increased, a generalized condensation of all chromosomes was induced. This hypothesis was indirectly supported from the observations on butyrate-induced structural alteration of polytene chromosomes. Butyrate is an inhibitor of histone deacetylase and has been routinely used as a tool for studying histone acetylation. To test the effect of butyrate on development, adult Oregon R and In(1)BM2(reinverted) flies were allowed to lay on medium containing sodium butyrate with a concentration ranging from 1mM to 200mM, at 25?1oC and at 18?1oC. The duration of various developmental stages was compared to that on butyrate-free medium. The developmental studies revealed a marked delay in the development of larvae on butyrate medium for both wild type and mutant strains. However the delay was significantly enhanced for the mutant strain. The effect was specific as determined by reproducibility of results of rearing on 100mM, 50mM or 1mM concentrations of sodium butyrate.Since the development of the larvae on butyrate containing medium was delayed, the sex ratio of the flies that emerged from this medium at 25?1oC and at 18?1oC was scored. Exposure of the strains to butyrate stress resulted in a marked female semilethality in both Oregon R and In(1)BM2(reinverted). However the effect was significantly pronounced (p<0.02) in In(1)BM2(reinverted) as compared to Oregon R. To determine whether butyrate induced any alteration in the cytology of polytene chromosomes, spreads were prepared from the third instar larvae of Oregon R and In(1)BM2(reinverted) reared on butyrate containing medium that showed delayed development. Butyrate induced a temporal series of structural alterations of the polytene chromosome of the wild type, which were highly significant. The first chromosome to manifest morphological alteration was the X chromosome of male third instar larvae. The induced changes resulted in a chromosome morphology that resembled the puffy X chromosomes of In(1)BM2(reinverted). Structural alteration of the autosomes of male third instar larvae appeared later, and at the same time that the polytene X chromosomes and autosomes of female third instar larvae manifested alteration in morphology.The butyrate interaction of In(1)BM2(reinverted) together with the biochemical analysis of a chromosome coiling activity recovered from this strain, provide support for the hypothesis explaining the sex and chromosome specific alteration of the structure of the male X chromosome of In(1)BM2(reinverted). The evidence suggests that the chromosomal rearrangement affects a regulator that can induce structural alteration of chromosomes. The activity may be responsible for the unique appearance of the male polytene X chromosome, since incubation of salivary glands of wild type male third instar larvae in this extract, results in the X chromosome structure appearing more puffy and diffuse. In In(1)BM2(reinverted), the perturbation results in a quantitative increase in the protein, such that only the structure of the male X chromosome is affected.Extrapolating this data, it appears that genes of the dosage compensation pathway regulate an activity of one of the components that can bring about alteration in the structure of the male X chromosome. Since the chromosome structure but not transcription is affected, it is likely that this activity lies downstream to the known dosage compensation regulators. Thus mutation in any one of these genes, eg. mlets or SxlM1, would result in loss of function of this regulator and reduction in chromosome widths as seen in mlets or SxlM1 mutations (Cline, 1979b; Belote and Lucchesi, 1980b).Various experiments show that the puffy X phenotype arises due to PEV which provides additional insights to this phenomenon. Cold is known to enhance PEV. Thus temperature downshift results in enhancing PEV, resulting in the expression of the phenotype. These deductions suggest that the induction of the puffy X phenotype occurs due to inactivation of a gene. Inactivation of this regulator probably results in a protein modification subsequent to which the chromosome coiling activity can be detected (chromosome coiling activity cannot be detected in In(1)BM2(reinverted) reared at room temperature). When there is an increase in the quantity of this factor, enhanced coiling results in the manifestation of puffy X chromosomes, as seen in the in vitro experiments. Further increase in the chromosome coiling factor levels, results in non-specific induction of all chromosomes. In Drosophila species other than melanogaster, as well as in Chironomus, non-specific induction could be brought about using equal amount of protein. This data, together with that of the butyrate induced structural changes, suggests that the male X chromosome is most vulnerable to alterations as compared to other chromosomes. Currently, In(1)BM2(reinverted) is the only available strain and no other similar phenotypes have been recovered. Thus, it can be debated whether the inducing activity represents a mutant protein brought about by the chromosomal rearrangement. Data arguing against this are as follows: Firstly, sequencing of the partially purified complex shows homology to mle, suggesting that the inducing activity remains associated with the dosage compensation complex. Secondly, the activity is exclusively male-specific, and has not been recovered from females of any developmental stage. 


